Calcium and strontium ions enhanced rishitin but not lubimin accumulation in tuber tissue of potato (Solanum tuberosum cv Kennebec) treated with arachidonic acid (AA). The same cations in the presence of poly-L-lysine (PL) enhanced the accumulation of lubimin more than rishitin. In contrast, Mg'4 did not affect AA-elicited rishitin and lubimin accumulation and inhibited the accumulation of these compounds following application of PL. AA-elicited potato tuber tissue remained sensitive to the stimulatory effects of Ca2" and Sr" up to 24 h after application of AA, but PL-elicited tuber tissue was sensitive to Ca2 and Sr" for only 6 hours after PL application. Ethyleneglycol-bis (8-aminoethyl ether)-N,N'-tetraacetic acid and La3+ both inhibited rishitin and lubimin accumulation elicited by AA. The inhibition by either agent was overcome by the addition ofCa2 . Calcium was more effective in overcoming lanthanum inhibition when applied simultaneously than when applied 12 hours later. Lanthanum was only effective in inhibiting rishitin and lubimin accumulation when applied within 3 hours of the application of AA. Inhibition of phytoalexin accumulation was greater when La3@ was applied simultaneously with AA compared to La3 application after AA application to discs. These observations suggest that the mobilization of calcium may play a central regulatory role in the expression of phytoalexin accumulation following elicitation in potato tissue.
It is well established that the calcium ion is involved in the transduction of external stimulus to intracellular response in widely different animal cell types (20) . A unique class of intracellular receptor proteins has evolved to form an integral part of the calcium messenger system (10, 19) . As an example, calmodulin, which appears to be a ubiquitous calcium receptor protein (13) , has been characterized in higher plants (1) and is reported to be involved in the calcium-dependent activation of several plant enzymes (8, 17, 18) . Evidence for a rise in the concentration of free Ca2" inside plant cells following stimulation or in conjunction with a calcium-dependent response has been provided by direct measurement (27, 30) , the use ofthe divalent ionophore A23 187 (21, 23) , and La3" or other agents which block the entry of Ca2" into cells (22, 26) . Calcium mobilization also has been implicated in papillae formation (9, 14) , a plant response to infection.
Perhaps the most studied defensive mechanism of plants is phytoalexin production (12 origin which elicit phytoalexin accumulation, have been isolated from mycelium of Phytophthora infestans and identified as arachidonic and eicosapentaenoic acids (2) . These fatty acids elicit rishitin and lubimin accumulation in potato tuber discs (2) . In this report, we present evidence ofthe stimulatory effects ofCa2à
nd the inhibitory effects of Ca2" antagonists on rishitin and lubimin accumulation. These data suggest that Ca2+ mobilization is an essential part of the elicitation of phytoalexin accumulation in potato tuber tissue.
MATERIALS AND METHODS Elicitor Application. Tuber discs (20 x 7 mm) of potato (Solanum tuberosum cv Kennebec) were prepared as previously described (5) . The discs were washed twice with sterile distilled water and then placed in sterile glass Petri plates (15 cm diameter) lined with one disc of Whatman No. 1 filter (15 cm diameter). The filter paper was initially moistened with 2.5 ml of sterile distilled water. The tuber discs, 10 in each Petri plate, were incubated at 1 9°C in the dark.
Elicitor solutions were applied to the upper surface of each tuber disc after 12 h. Suspensions of AA3 in sterile distilled water were prepared for each experiment by sonication (Branson, W185). Poly-L-lysine-HBr (3.8 kD) was dissolved in distilled water and adjusted to pH 5 to 6 with NaOH. All solutions, except AA suspensions, were sterilized by passage through a 0.22 grm Millipore filter before application to tuber discs.
Phytoalexin Determination. Slices were removed from each tuber disc with a potato peeler until no browning was evident on the exposed cut surface of the tuber disc. The slices from three tuber discs were minced with a razor blade and placed in a 25 ml flask with 10 ml of methanol. The flask was then placed on a shaker (40 strokes/min) for 2 d at room temperature. The methanol extract was decanted. The tuber pieces were washed twice with 10 ml of methanol. The methanol washes were combined with the methanol extract, and methyl arachidate was added as an internal standard. After mixing, an aliquot (20 ml) was removed. The amounts ofrishitin and lubimin in the aliquot were quantified as described previously (5 (2) . Application of Ca2' directly onto AA-treated potato tuber discs enhanced the accumulation of rishitin in a concentration-dependent manner (Fig. 1) 10 .g of AA in a total volume of 50 uil/disc. All discs were assayed for determination of phytoalexin accumulation 72 h after application of AA. The bars represent the range ofthree determinations. Each determination is the average amount of rishitin and lubimin in three potato tuber discs. EGTA, a Ca2+-specific ligand. As shown in Figure 5 , EGTA inhibited rishitin and lubimin accumulation, measured 72 h after application of AA in a concentration-dependent manner, with nearly complete inhibition observed at 5.0 ,umol EGTA per disc.
The observed inhibition was due to Ca2+ chelation and not some other effect of EGTA since the inhibition can be overcome by the addition ofexcess Ca>2 (Fig. 6) . In this experiment, increasing quantities of Ca2+ were applied to AA-treated potato tuber discs which had also been treated with 1.25 umol of EGTA. This amount of EGTA caused approximately 50% inhibition of rishitin and lubimin accumulation, and the addition of 2 to 10 j,mol of Ca>2 was sufficient to overcome this inhibition (Fig. 6 ). Also apparent in Figure 6 is the concentration-dependence of Ca2+ addition in the presence or absence of EGTA.
Inhibition of Arachidonic Acid-Elicited Rishitin and Lubimin Accumulation by La3+. To investigate the possibility that the entry of Ca2+ into potato cells is involved in the elicitation of rishitin and lubimin accumulation, potato tuber discs were treated with AA in the presence of La", an ion thought to block the entrance of Ca2+ into cells (15) . The accumulation of rishitin (Fig. 9 ). (Figs. 1, 2, 3 ) and poly-L-lysine (Fig. 4) . The addition of EGTA, which reduces the availability of Ca2' in the tuber disc, inhibited the accumulation of rishitin and lubimin (Fig. 5) . Though the concentrations of Ca2+ applied were in excess of physiological concentrations, the enhancement of phytoalexin accumulation was not due to nonspecific salt effects.
Strontium is the most effective element in substituting for calcium in calcium-dependent processes in biological systems umol of EGTA (0). The total volume applied per disc of each treatment was 75 Ml. All potato tuber discs were assayed for phytoalexin accumulation 72 h after application of the treatments. The bars represent the range ofthree determinations. Each determination is the average amount of rishitin and lubimin in three potato tuber discs. (24, 29) . Strontium can induce the conformational changes in calmodulin necessary for stimulation of bovine cyclic nucleotide phosphodiesterase (25) and binding to the calmodulin antagonist trifluoperizine (1 1).
Rishitin and lubimin are highly reduced secondary metabolites. Their biosynthesis via the acetate-mevalonate pathway requires substrate in the form of acetyl CoA as well as a large (19) . The observation that both Ca2' and Sr29 enhance AA-elicited rishitin accumulation but primarily promote lubimin accumulation in potato tuber discs treated with poly-L-lysine remains unexplained. Calcium and Sr`may have different effects in arachidonic acid and poly-L-lysine elicitation on the levels and/ or activities ofthe enzymes involved in the conversion oflubimin to rishitin ( 16) .
A possible explanation of the data from the experiments involving La3+ (Figs. 7-9 ) is that Ca2+ enters potato cells after application of AA and that the magnitude of the response (the level of rishitin accumulation) was dependent on the amount of Ca2+ that was able to gain entry. The La3+ and other lanthanides are thought to remain outside cells and block the entry of Ca2+ by occupying Ca2t-binding sites on the plasma membrane (15, 28) . The observation that Ca2" was more effective in overcoming La3+ inhibition when applied simultaneously with La" than when applied 12 h after La" addition suggests that Ca2' and ZOOK ET AL.
Plant Physiol. Vol. 84, 1987 La3" are competing for the same binding site or channel. Calcium may displace bound La3" and/or enter in greater amounts through unblocked channels.
Little is known about the mechanism responsible for triggering the accumulation of phytoalexins. There are a number of coordinated events or processes which begin with the initial host/ parasite or plant/elicitor interaction and culminate in the accumulation of phytoalexins. These include the mobilization of substrate for the assembly of the sesquiterpenoid phytoalexins and the de novo synthesis and/or activation of the enzymes in these biosynthetic pathways. Calcium may regulate a number of these processes, and function as a second messenger. Elucidation of the mechanism whereby Ca2" regulates the accumulation of phytoalexins may help us understand the expression of disease resistance in plants and suggest novel approaches to the control of disease.
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